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STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 
[°001] The US Government has a paid-up license in this invention and the 

right in limited circumstances to require the patent owner to license others on 
reasonable terms as provided for by the terms of primary Grant No. DAAG-55-97- 
0132 awarded by the Army Research Office to Clemson University which 
subcontracts to the University of Michigan by the terms of Grant No. 321-2000222. 

CROSS-REFERENCE TO CO-PENDING APPLICATION 
[0002] This application is a continuation-in-part of co-pending application 

serial number 09/877,936, filed June 8, 2001, and entitled SCANNING 
ELECTROMAGNETIC FIELD IMAGER WITH OPTICAL-FIBER-BASED 
ELECTRO-OPTIC FIELD-MAPPING SYSTEM, the contents of which are 
incorporated herein in its entirety. 

BACKGROUND 

[0003] The present invention relates to electro-optic, semi-conductor probes 

for measurement of electric and thermal fields. 

[0004] The electrothermal behavior of active microwave and millimeter-wave 

circuits has received growing attention in recent years. The thermal characteristics 
become especially important in active antenna arrays and quasi-optical power- 
combining structures where a multitude of biased monolithic microwave integrated 
circuits (MMICs) are in close proximity. The generation of heat in such 
configurations mandates a strong consideration of heat dissipation in the overall 
design. 

[0005] Several methods have been developed to characterize and diagnose the 

behavior of such circuits. To examine the electrical behavior, optical techniques such 
as those that use electrooptic probes for the noncontact field mapping of electric 
fields have been employed. Separate methods exist for observing thermal effects 



including the use of thermal cameras, IR microscopes, thermocouples, and 
thermistors. 

[0006] A major factor that has until now, not been considered when applying 

electrooptic field-mapping techniques to the characterization of active microwave 
circuits is the temperature dependence of the probe itself. The electrooptic 
coefficients that govern the response of the probe to RF fields are known to vary with 
temperature. Additionally, in III-V semiconductor-based probes, the temperature 
dependence of the optical absorption edge is significant. The sensitivity of the 
absorption edge to temperature has been used, for example, to monitor the 
temperature in indium-phosphide-based semiconductor substrates where knowledge 
of the epitaxial growth temperature is critical. 

[0007] Thus, it would be desirable to provide an integrated electro-thermal 

probe which is capable of addressing the temperature-dependant effects associated 
with gallium-arsenide electrooptic probes. It would also be desirable to provide an 
integrated electro-thermal probe which is capable of simultaneously measuring both 
electric and thermal fields to allow for the combined electrothermal examination of 
active microwave and millimeter-wave circuits with a single probe and the ability to 
calibrate electric field data that is corrupted when the probe is placed in areas where 
temperature variations are present. 

SUMMARY 

[0008] The present invention is an integrated electo-thermal probe which is 

capable of mapping electric fields in a single probe with temperature compensation. 

[0009] In one aspect, the invention is an electro-optic field mapping apparatus 

for scanning a workpiece means for generating an optical signal; 

[0010] an electro-optic field-mapping sensor for receiving the generated 

optical signal and for generating an output optical signal that is influenced by a free- 
space electric field associated with the workpiece passing through the sensor; 

[001 1] means for sensing a characteristic of the output optical signal 

containing electric field information; and 



[0012] means for compensating the sensed characteristic of the output optical 

signal containing electric field information that is corrupted by temperature 
variations. 

[0013] In another aspect the present invention is a method for scanning a 

workpiece with an electro- thermal apparatus comprising the steps of generating an 
optical signal; 

[0014] receiving an output optical signal with an electro-optic field-mapping 

sensor that is influenced by a free-space electric field associated with a workpiece 
passing through the sensor changing a characteristic of the sensor and the output 
optical signal; 

[0015] sensing a characteristic of the output optical signal; and 

[0016] compensating the sensed characteristic of the output optical signal that 

> 

is corrupted by temperature variations. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0017] The various features, advantages and other uses of the present 

invention will become more apparent by referring to the following detailed 

description and drawing in which: 
[0018] Figure 1 illustrates an example of a fiber-based electro-optic sampling 

system shown in schematic view according to the present invention; 
[0019] Figure 2 illustrates the system in greater detail between the optical 

isolator, X/2 wave plate, beam splitter, fiber coupler, fiber polarization controller, and 

termination of the single-mode optical fiber at the gradient index lens and GaAs tip; 
[0020] Figure 3 illustrates the fiber-based electro optic sampling system 

gradient index lens according to the present invention; 
[0021] Figures 4 through 7 illustrate a probe tip fabrication procedure or 

method according to the present invention; 
[0022] Figure 8 illustrates a probe head assembly according to the present 

invention; 

[0023] Figure 9 illustrates a closed metal cavity according to the present 

invention allowing a probe tip to have freedom of movement in three dimensions 



within the closed metal cavity using an oversized sliding top metal plate to cover the 
enclosure; 

[0024] Figure 10 illustrates only a one-dimensional comparison between an 

exposed and a shielded microstrip along the corresponding centerlines at a 1.0-mm 

height according to the present invention; 
[0025] Figure 1 1 is a block diagram of an integrated electro-thermal probe and 

measurement apparatus according to the present invention; 
[0026] Figure 12 is an enlarged, pictorial representation of the probe shown in 

Figure 1 1 ; 

[0027] Figure 13 is a cross-sectional view of the probe shown in Figure 12; 

[0028] Figure 14 is a graph depicting measured phase drift and correction; 

[0029] Figure 15 is a pictorial representation of the full-wave simulation 

geometry for the examination of invasiveness of the probe on a CPW; 
[0030] Figure 16 is a graph depicting results of the spatial extent of the 

perturbation of the impedance Z of the CPW; 
[003 1] Figure 17 is a vector-network-analyzer-time-domain graph of the probe 

over the CPW. 

[0032] Figure 18 is a sensitivity analysis of invasiveness simulations of the 

present invention; 

[0033] Figure 19 is a graph of frequency-domain measurements when the 

probe is over the CPW; 
[0034] Figure 20 is simulated data of the CPW with an additional lumped 

femtofarad shunt capacitor; 
[0035] Figure 21 is a graph depicting probe and power meter measurement of 

anMMIC; 

[0036] Figure 22 is a graph depicting probe only measurements of the MMIC; 

[0037] Figure 23 is a graph depicting temperature-calibrated electric field data; 

and 

[0038] Figure 24 is a graph depicting simultaneous electric-field and 

temperature measurements of the MMIC by the probe of the present invention. 
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DETAILED DESCRIPTION 
[0039] Figure 1 illustrates an example of a fiber-based electro-optic sampling 

system shown in schematic view. A common reference is provided to a Ti: Sapphire 
laser, a lock-in amplifier, and two RF-synthesizers. As is conventional, the common 
reference includes a 40 megahertz (MHZ) reference signal generated by the laser 
control box, which is multiplied by 2 prior to being sent to the laser, and divided by 4 
prior to being sent to two radio frequency (RF) synthesizers. One synthesizer 
generates another lower-frequency reference signal that is input to the lock-in 
amplifier. The Ti: Sapphire laser generates an input or detection beam through an 
optical isolator. The beam passes through a 7J2 wave plate, sometimes called a "half- 
wave" plate, and can be redirected by one or more mirrors as required. The initial 
half-wave plate sets the polarization going into a polarization-dependent beam 
splitter. The input or detection beam passes through the polarization dependent beam 
splitter prior to entering a fiber optic coupler. A single-mode optical fiber extends 
between the fiber optic coupler through a fiber optic polarization controller QJ2 or 
half-wave, X/4 or quarter- wave), and attaches to a computer-controlled translation 
stage, prior to arriving at a gradient index (GRIN) lens attached at the other end of 
the single-mode optical fiber to focus the beam into the attached GaAs crystal tip. 
One part of the polarization controller is used to rotate (i.e. acting as a half- wave 
plate) the linear polarization of the laser relative to the crystal axes of a GaAs probe 
tip to be described in greater detail below. The beam passes through the GRIN lens 
and into the GaAs probe tip. The light polarization is modulated by the microwave 
electric field in the GaAs (the electro-optic effect) as the beam passes through the 
crystal. The signal beam is reflected off from a high-reflecting (HR) dielectric 
coating on the open end of the GaAs crystal. The reflected or signal beam passes 
from the tip back through the GRIN lens, into the optical fiber. The polarization of 
the laser light is now elliptical, and another part of the polarization controller is used 
as a quarter-wave plate to convert this beam back into a linear polarization. The 
reflected beam after passing through the fiber polarization controller of the single- 
mode optical fiber, then passes through the fiber optic coupler to the polarization 
dependent beam splitter, where, depending on the angle of the linear polarization, 



part of the reflected beam is directed to a photo diode in communication with the 
lock-in amplifier. 

Figure 2 illustrates the system in greater detail between the optical 
isolator, A/2 wave plate, beam splitter, fiber coupler, fiber polarization controller, and 
termination of the single-mode optical fiber at the gradient index lens and GaAs tip. 
Figure 2 shows the beam polarization characteristics as the beam passes through the 
various components as an input or detection beam, and also as the signal or reflected 
beam is returned through the single-mode optical fiber, through the beam splitter, to 
the photo diode. 

Figure 3 illustrates the fiber-based electro optic sampling system 
gradient index lens. The optic fiber by way of example can be approximately 120 
micrometers (//m) in diameter with an interior core dimension of 4 micrometers 
(fxm). The optic fiber is in direct contact with the gradient index lens using an 
appropriate optical cement. The length and the diameter of the gradient lens is 
selected to focus the beam on the face of the probe tip. The probe tip in the 
illustration of Figure 3 is shown to be a GaAs crystal (e=12) with a thickness 
approximately equal to 200 micrometers (//m) or 350 micrometers (yum). The laser 
wave length is greater than or approximately equal to 890 nanometers (nm) in order 
to avoid absorption of the light in the GaAs. 

Referring again to Figure 1, a schematic diagram of the fiber-based EO 
sampling system used in this work is illustrated. In general, the optical pulse-train 
from a phase-stabilized, mode-locked laser (100-fs-duration pulses; 80-MHZ pulse 
repetition rate) is modulated via the Pockels effect in the GaAs electro-optic crystal 
by the RF field to be imaged. The laser wavelength is tuned to ^890 nm and the 
average input power to the fiber is attenuated to around 1 5 mW also to avoid 
absorption by the GaAs. The GaAs electro-optic field imaging according to the 
present invention provides the probe tip integrated with an optical fiber, vastly 
improving the positioning ability of the probe and the optical coupling. The 
polarization-dependent beam-splitter limits the optical transmission to one particular 
polarization, and this beam is focused into the single-mode optical fiber using a 
commercial fiber-coupler. A gradient-index (GRIN) lens with diameter of 1 .0 mm 



and length of 5,0 mm is mounted at the opposite end of the fiber to focus the beam 
onto the surface of the GaAs crystal, which is attached to the GRIN lens using 
transparent cement. In order to align the linear polarization of the laser to the optic 
axis of the GaAs and to manipulate the elliptical polarization of the light returning 
from the probe, two polarization-controlling loops are introduced into the fiber to 
serve as half- and quarter-wave plates. 

The beam reflected from the probe contains the electro-optic signal, 
modulated by the RF electric field so that it possesses an additional polarization 
angle, 5. The signal beam is rerouted to the photodiode by the beam splitter, which 
also converts 5 into an intensity change, and the optical signal is transformed into an 
electrical signal via the photodiode. 

The GaAs tips, with 500 x 500- micrometer (\xm) footprint area and 
200- micrometer (|um) thickness, have a high-reflection optical coating deposited on 
the exposed surface. A <100> orientated GaAs tip was used as the EO crystal to 
detect the normal electric field component (i.e., relative to the device under test 
(DUT)), while <1 10> GaAs was used to sense tangential fields. The orthogonal 
tangential fields are distinguished by rotating the relative orientation between the 
<1 10> GaAs tip and the DUT by 90°. 

The sensor end of the fiber is attached to a supporting arm mounted on 
the computer controlled X-Y translation stage to allow the fiber-mounted probe to be 
scanned in two directions. All the materials around the sensor area, including the 
GRIN lens and fiber, have permittivities around 4, except for the GaAs tip itself, 
which has s r of 12, much lower than nearly all conventional EO crystals by more than 
a factor of 3 . Thus the fiber-based system can be expected to reduce any effect of the 
sensor on the DUT significantly. Furthermore, the measurement flexibility is 
dramatically improved since the probe may be freely positioned without restrictions 
arising from the placement of the other optical components or the DUT. 

The input RF frequency to the DUT (from the second synthesizer of 
Figure 1) is selected to be an integer multiple of the pulse repetition rate of the laser 
(80 MHZ) plus an additional offset frequency (3.0 MHZ). Using harmonic mixing, 
the lock-in amplifier receives the 3 -MHZ intermediate frequency arising from the 
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difference signal between the synthesizer input and the laser-harmonic local 
oscillator. A computer records the amplitude and phase of the IF at each 
measurement point. The 3 -MHZ intermediate frequency is the same as the reference 
frequency of the first synthesizer of Figure 1 . 

The probe tip fabrication procedure or method is illustrated in Figures 
4-7. The fabrication procedure begins with a sample of GaAs having a crystal 
orientation of 100 or 1 10. The 100 crystal orientation GaAs sample allows sensing 
of the "normal" component of the microwave electric field, while the 1 10 crystal 
orientation of the GaAs sample allows sensing of the tangential components of the 
microwave electric field. It is believed that a combination of two or more crystals 
can be packaged together with two or more optic fibers to measure several field 
vectors simultaneously. The 100 or 1 10 crystal orientation GaAs sample has a 
photoresist (PR 1827) material applied while the sample is rotating at 3,500 
revolutions per minute (rpm) for 30 seconds and baked at 105°C for 1 minute. The 
sample is then exposed to ultraviolet light for 15 seconds, exposed to a developer 
(AZ 351) for 50 seconds, and hard baked at 105° C for 1 minute to create the desired 
exposed photoresist (PR 1827) pattern. The GaAs sample and photoresist (PR 1827) 
pattern are mounted on a glass substrate using clear wax on a 150° C hot plate. The 
fabrication procedure then continues by wet etching using H 2 S0 4 :H 2 0 2 :H 2 0 in 1:8:1 
ratios plus (+) a minute amount (a few drops) of NH 4 OH. The wet etchant is agitated 
for 30 seconds, every 30 seconds, and the etchant solution is changed every 10 
minutes. The agitation is used and the etchant is changed in order to ensure the 
uniformity of the etching. Preferably, the agitation is random. This step removes the 
GaAs material left unprotected by the photoresist (PR 1827) pattern. The sample is 
then subject to photolithographic processing, where the sample with the photoresist 
(PR 1 827) on top is exposed to ultraviolet (UV) light without the mask for 1 5 
seconds and exposed to the developer (AZ 351) for 90 seconds. The exposure and 
the developing steps without the mask are executed in order to remove the 
photoresist (PR 1827) patterns that were originally covering the portions of the GaAs 
that were to be protected from being etched away. The fabrication procedure then 
proceeds with a distributed Bragg reflector (DBR) deposition of MgF 2 = 1,403 
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Angstrom (A) ZnSe = 833 Angstrom (A) in 4 sets. The final probe tip is released in a 
hot acetone bath. 

[0048] As can best be seen in Figure 5, the photoresist pattern is formed on the 

GaAs substrate and the material is then subjected to the etching step. The etching 
depth is approximately 160 micrometers (//m) obtained at a rate of approximately 
7.95 micrometers (//m) per minute over a 20 minute time period. Lateral etching 
depth of approximately 130 micrometers (//m) to approximately 150 micrometers 
Nh O^m) occurs at a rate of approximately 6.5 micrometers (//m) to approximately 7.5 

'P\ micrometers (//m) per minute. As best seen in Figures 7 and 8, the goal during the 

:5 s ; fabrication procedure is to obtain a probe tip with a final length after etching of 

IM« approximately 500 micrometers (//m). The etching process removes material at 

C j varying rates depending on the orientation of the mask requiring calculation of the 

;L~ initial mask size based on the etching time as set forth in the equation shown in 

W Figure 7. 

sjf I [0049] The probe head assembly is illustrated in Figure 8. The single-mode 

Jt; optical fiber is inserted into one end of a quartz ferrule of approximately 6 

millimeters (mm) in length. A gradient index lens of approximately 5 millimeters 
(mm) in length is connected at the opposite end of the quartz ferrule. The GaAs tip is 
connected to the opposite end of the gradient index lens from the quartz ferrule. The 
GaAs tip is approximately 500 micrometers (/^m) square and has a thickness of 
approximately 200 micrometers (//m) or 350 micrometers (//m). The overall 
diameter of the quartz ferrule and gradient index lens is approximately 1 millimeter 
(mm). 

[0050] It is expected that a wide variety of additional electrical-optic materials 

can be substituted for GaAs as a sensor in the fiber-based electric-field-imaging 
system. These can include (a) other semiconductor materials; (b) non-semiconductor 
solid-state crystals; (c) organic crystals; and (d) polymers. The semiconductors can 
be chemically etched to the desired shape and dimensions, while it would be 
necessary to mechanically machine and polish the other crystals. Polymer films can 
be introduced in a solution from which the solvent is allowed to evaporate either 
before or after poling of the polymer with a direct current (DC) electric field. 
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[005 1] It is believed that suitable electro-optic materials can include (a) 

aluminum-gallium arsenide (AlGaAs), indium phosphide (InP), cadmium telluride 
(CdTe), zinc selenide (ZnSe), zinc telluride (ZnTe), bismuth silicate (Bi 12 SiO 20 ), 
cadmium sulfide (CdS), Cadmium Selenide (CdSe). 

[0052] It is believed that additional electro-optic materials can be used in the 

fabrication of an electric-field sensor as these new synthesized materials become 
available, particularly in the area of polymers having the desired electro-optic 
properties for the present application. 

[0053] The above described electric field imaging system is believed to be 

applicable to a number of different applications, by way of example and not 
limitation, such as quality control along microwave-circuit production lines, where as 
a circuit passes by, the probe could be dipped into key internal nodes to probe the 
functionality of the circuit; trouble-shooting of cross-talk within microwave 
enclosures, where inserting the probe through a small aperture in a microwave or 
mixed-circuit package in order to investigate where strong fields build up once the 
package is sealed; validation of circuit or electromagnetic theoretical and/or 
computer models, such as for microwave circuits or elements, where measuring 
fields in locations that are otherwise inaccessible enables the accuracy of 
computations of these fields to be determined; electromagnetic interference, where 
investigating the source of strong fields within complex systems would enable 
designers to avoid interference between components and enable effective shielding; 
and measurement of microwave electric fields in vivo or at the surface of the skin for 
biomedical imaging. 

Example 1 

[0054] In order to demonstrate the versatility of the fiber-based EO field- 

mapping system, the normal electric field component inside of a shielded microstrip 
transmission line, which may not be obtained by any other measurement method, 
including free-space EO field mapping, was imaged using the <100>-oriented GaAs 
probe tip. This field pattern was then compared with the field distribution from an 
identical microstrip without a shielding cavity. For the measurement, a 50-Q 
microstrip transmission line was fabricated on a duroid substrate with 75-mil 
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thickness and a dielectric constant (e r ) of 6.15. The output port of the micro strip was 
short-terminated in order to provide a standing wave pattern. 

The height of the cavity wall was 6.0 mm above the top surface of the 
micro strip. In order for the probe tip to have freedom of movement to three 
dimensions in the closed metal cavity, an oversized sliding top metal plate was 
employed to complete the enclosure. A 2-mm diameter access aperture in the sliding 
top plate allowed the EO probe to be positioned inside of the cavity as shown in 
Figure 9. Since the top plate and the fiber-based EO probe were mechanically 
connected to the x-y translation stage, the probe could scan a two-dimensional field 
distribution from the interior of the cavity, while the top plate maintained electrical 
contact to the cavity walls. In addition to the two-dimensional (i.e., x-y plane) field 
mapping capability, the vertical position (z-direction) of the probe could be adjusted 
externally. 

For both exposed and shielded microstrip, the normal electric fields 
were measured at distances of 1.0, 2.5, and 5.0 mm from the top of the microstrip 
surface. The scanning window was 2.9 cm (x) by 3.9 cm (y), using the step sizes (and 
thus also the spatial resolutions) of 580 micrometer (pm) (x) and 780 micrometer 
(|im) (y). Each field map was acquired in approximately 15 minutes. 

The results show typical standing wave patterns that have periodic 
peaks with 180° phase changes. The separation between the peaks on the microstrip 
was 0.87 mm, which shows excellent agreement with the theoretically expected peak- 
to-peak distance. The peak amplitudes were reduced by 1 6 dB as the measurement 
distance increased from 1.0 mm to 5.0 mm for the exposed microstrip. 

While two-dimensional field maps were extracted at all three 
measurement heights, in Figure 10 only the one-dimensional comparison between the 
exposed and shielded microstrip along the centerlines at a 1.0-mm height is shown. 
The phases show virtually identical changes of 180° for each amplitude peak. 
However, a nonuniform amplitude distribution is observed on the shielded 
microstrip, while the exposed microstrip exhibits a reasonably uniform amplitude 
distribution. Since the geometries of the two microstrips (including the size of the 
substrate) are identical, the most plausible explanation for the amplitude discrepancy 
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is the existence of a cavity-mode wave. The cavity mode wave was thus calculated 
based on the cavity resonator theory, and the effect of the microstrip substrate was 
taken into account using the cavity perturbation theory. Superimposing the calculated 
cavity standing wave pattern on the exposed microstrip result demonstrates that the 
cavity measurement accurately reveals the effect of the enclosure on the microstrip. 
[0059] While the two-dimensional field images of relatively simple structures 

could also be computed using numerical full-wave analysis methods, this striking 
experimental example shows that the actual field patterns can be extracted from a 
package for the purposes of fault analysis or to diagnose sources of cross-talk or 
interference that are not quickly or easily computed. 

Example 2 

[0060] In order to demonstrate the application of this fiber-based field- 

mapping probe to radiating waves, and also to use the transverse-field measurement 
capability, the dominant electric field component of a Ka-band horn was scanned 
using a <1 10> GaAs probe tip both in the aperture plane (plane A) and in a plane that 
was two wavelengths from the aperture within the interior of the horn (plane B). The 
scanning areas were 3.39 cm x 5.57 cm for plane A and 2.78 cm x 4. 17 cm for 
plane B, with plane B being reduced in size due to the natural taper of the microwave 
horn antenna. Fifty scanning steps were used for both the x- and y-directions, with a 
single scan taking approximately 30 minutes. 

[0061] The results indicate, as expected, that there is a more uniform field 

distribution for both amplitude and phase at the aperture, while the wave front is 
quite curved inside of the horn cavity. Specifically, the phase of the field at the 
aperture has an almost uniform distribution, while it displays about a 50° phase 
variation across the scanned area along the y-axis on the plane B. 

[0062] The above described electric field imaging apparatus and sensor can be 

uniquely employed to also measure and/or compensate for temperature. 
Theory 

[0063] The physical mechanisms employed to measure temperature are the 

temperature dependence of the energy bandgap in intrinsic semiconductors and its 
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effect on the absorption of optical power. The following is a well-known equation 
describing this phenomena, as established by Varshni: 

yT 2 
T+/3 



E g (T)-E g (0)-^~^ (1) 



where y and P are material-specific empirical constants, E g (T) is the bandgap energy 
at temperature T, and E g (0) is the bandgap energy at 0 K. For photon energies in the 
bandgap and near the band edge, the absorption coefficent a has been found to decay 
exponentially with decreasing photon energy hv due to the presence of bandtail 
states. The dependence on photon energy is shown to follow: 

a = A exp [hv - Xo) /y D )] ( 2 ) 
where A, and y G are constant curve-fitting parameters at 300 K. For GaAs at room 
temperature ± 70K, the bandgap and absorption coefficient variation with 
temperature can be linearized to within 5%. Linearizing (1) and (2) about a nominal 
temperature T Q and photon energy (hv\ and noting that 

da da 
d{hv) = ^~dE g 



where § is a constant on the order of one for the temperature range of interest, the 
flow of optical power P through the semi-conductor is found to obey the following 
temperature dependence: 

^al+*T (4) 

where k is a constant that depends on the dimension of the semi-conductor in the 
direction of propagation. Therefore, by monitoring the absorption response of an 
optical beam that is directed to propagate through a section of semiconducting 
material, the change in temperature can be inferred in a manner that is linear with the 
inverse of optical power. 
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To simultaneously measure electric fields, the semiconductor must also 
be electrooptic. Due to the Pockels effect, an optical beam propagating through an 
electrooptic material exhibits a change in polarization state when the material is in 
the presence of an externally applied, and relatively low-frequency electric field. The 
change in polarization state can be made to result in an amplitude modulation of the 
optical beam that is proportional to the intensity of the applied electric field. The 
optical transmission T Q through an electrooptic modulator set up for 50% 
transmission is given by: 



To = Sin 2 
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where E a is the average RF electric-field magnitude induced in the probe, <p rf is the 
RF electric-field phase, d is the crystal thickness along the direction of propagation of 
the optical beam, oo rf is the RF frequency, t is time, and is the half-wave voltage of 
the electrooptic material. For E r jd < < Vn , the intensity modulation is linear with 

the average RF electric field induced across the probe. 
Implementation 

The apparatus is shown in Figure 11. The probe material is <100> 
oriented GaAs with a normal-surface area of 500 //m x 500 //m and a vertical 
thickness of 200 //m. A Ti: sapphire laser tuned to 895 nm is used to generate a 
linearly polarized sampling beam that is coupled to the probe via a section of single- 
mode optical fiber and a graded-index lens. Appropriate phase retarders are placed to 
configure a 50% transmission intensity modulator for electric-field measurements. 

To alleviate the need for a fast photodetector, and to provide a method 
by which the phase of a signal may also be easily sensed, the device under test is fed 
via an RF synthesizer configured for harmonic mixing in order to down convert the 
sampled electric fields to IF frequencies. This is accomplished by mode locking the 
laser to produce a train of 80-fs pulses at a pulse repetition rate of 80 MHz and 
setting the RF source frequency to an integer multiple of the pulse repetition rate, 
plus an offset that corresponds to the IF frequency. An IF frequency of 3 MHz is 
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used and was selected based on a tradeoff consideration between signal-to-noise 
degradation due to \lf noise at lower IF frequencies and the loss of sensitivity 
incurred by selecting higher IF frequencies. Since the 80-MHz component is not 
modulated coherently, its amplitude does not change as it passes through the 
electrooptic crystal. 

A photodiode functions as an envelope detector that transforms the 3- 
MHz modulation and the 80-MHz pulse-repetition component to electrical signals for 
detection. The 3 -MHz signal, denoted V 3mJZ , is the modulation signal that provides 
the electric-field information and the 80-MHz signal, denoted V S0MHZ , is the spectral 
component that is monitored for temperature measurements. A high-pass filter that 
filters as an open-circuit couples the 80-MHz pulse-repetition component to a 
spectrum analyzer while the 3 -MHz modulation signal is coupled to a lock-in 
amplifier with a low-pass filter that filters as an open-circuit for the 890-MHz signal. 
Such an arrangement allows for the simultaneous measurement of thermal and 
electric fields. 
Thermal Response 

To characterize the thermal properties of the electrooptic sensor, the 
probe was mounted in still air approximately 4 in above a hotplate. A precision 
thermistor with a tolerance of ±0.2 °C was positioned adjacent to the probe to 
monitor the temperature variations of the ambient air as the hot plate was turned on 
and off. Absorption data from the probe and temperature data from the thermistor 
were collected over a 50-min period as the temperature was varied between 20 °C-60 
°C. The results agree with the theory as described in (4). 

The temperature accuracy and sensitivity of the probe are determined 
from a linear regression analysis of the data. The accuracy, calculated from the 
standard deviation of the data set composed of the absolute value of the deviations 
from the linear fit, is calculated to be ±0.5 °C. Using the thermistor resistance versus 
temperature characteristic and the observed relationship between the measured 
optical power and thermistor resistance, the sensitivity is calculated to be equal to 
0.31 MW/°Cat25 °C. 
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Absolute Electric-Field Magnitude 

The output of the lock-in amplifier is a dc voltage that is proportional 
to the first harmonic rms amplitude of the RF modulation signal. Although this 
scheme is useful for relative electric-field measurements, scaling the output to 
electric field units (i.e., volts/meter) is desirable in order to obtain absolute average 
field measurements and to characterize the dynamic range of the system. A direct 
determination of the proportionality constant relating the output of the lock-in 
amplifier and E^d would allow the output to be scaled to absolute units. However, 
this would require an accurate characterization of the power mismatches presented by 
the fiber coupler, the interface between the fiber and the grin lens, the interface 
between the grin lens and the GaAs probe, and the reflectivity of the Bragg reflector. 

To circumvent these practical difficulties, an alternative method for 
scaling the measured data to absolute units has been developed. This method 
involves placing the probe in a region where the absolute value of the electric-field 
distribution is known. The region inside of a shorted rectangular waveguide 
enclosure was selected due to the simplicity of the analytical closed-form field 
solutions, the confinement of the fields within a closed structure, and the direct 
relationship between the power input into the waveguide and the absolute magnitude 
of the electric field. Previous investigators have scaled electrooptic signals to RF 
electromagnetic fields associated with open structures such as microstrip and 
coplanar waveguide lines in order to determine minimum detectable signal levels. 
The method presented here, however, involves a completely enclosed structure. 
Relating input RF power to expected fields over an open structure such as microstrip 
or coplanar waveguide (CPW) leads to inaccuracies due to losses associated with 
radiation, losses associated with the coax-to-microstrip/CPW transitions, the 
sensitivity in the positioning of the probe above the line (due to exponentially 
decaying fields), and the need to rely on nonclosed-form solutions of the 
microstrip/CPW fields. The approach presented in this paper is also independent of 
the height of the crystal above a device-under-test (DUT) since the procedure directly 
scales the amplitude measurement on the RF lock-in with the induced optical 
retardation. 
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The geometry of the insertion of the probe into the rectangular 
waveguide is shown in Figure 3. In the absence of the probe, the magnitude of the 
electric field at a standing wave peak | E peak | can be related to the input power P via 
the wave equation and the Poynting vector as 



where a> is the radian frequency, |io is the free-space permeability, e is the free-space 

permittivity, k z is the phase constant along the direction of propagation, A is the 

length of the short edge of the rectangular waveguide, and B is the length of the long 

edge. Since each quantity on the right-hand side of the equation for |E peak | is 

measurable, the expected value for the magnitude of the electric field at a standing- 
's 

wave peak can be determined. 

A complication is the distortion of the electric field due to the presence 
of the probe in the waveguide. Since the graded-index lens self-focuses the optical 
beam to a beam waist of less than 10 /u m, the field internal to the probe within a 10- 
//m-diameter cylinder centered between the top and bottom faces of the probe is the 
region of interest. For frequencies such that the guide wavelength is much larger 
than the probe dimensions, a quasi-static approximation bounds the electric field 
inside the probe E mx to 

E ex , < E int < E^ f (7) 

£rp 



where E ext is the field in the absence of the probe and is the dielectric constant of 
the probe. The relation in (7) holds because the probe appears as a dielectric object 
that is neither a thin slab, nor a long thin cylinder. A full-wave finite-element- 
method-based simulation based on the geometry in Figure 1 was employed to analyze 
the expected ratio of E mt to E cxV The average electric-field induced in the probe is 
found to be 19% of the electric field when the probe is absent. This factor is taken 
into account when scaling relative measurements to volts/meter via (6). 
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[0074] For this experiment, a shorted WR-137 waveguide (height^ = 15.8 

mm, width i? = 34.9mm) was employed and the operating frequency was set to 6.963 
Ghz. The waveguide short was coupled to the RF synthesizer via a coaxial cable and 
coax-to-waveguide adapter. An RF power meter was used to measure the input 
power going into the waveguide from the coax-to-waveguide adapter. The mismatch 
at the coax-to-waveguide transition was characterized via time-domain (bandpass) 
measurements on a vector network analyzer. The peak return loss at the coax-to- 
iy ( waveguide transition was -29 dB below the peak return loss at the waveguide short, 

fij Therefore, the transition mismatch can be neglected with negligible error. The lock- 

HP in voltage can be scaled to average volts/meter in a linear fashion. By stepping down 

m ^ ' . . 

gj l the input power, the minimum detectable average electric field inside of the probe is 

9 ! 1 24 V/m A measurement error of ±0.06 V/m is estimated from consideration of the 

SI 

? measurement error of the power meter, positioning error of the probe within the 

;'. I 

;y waveguide, convergence error associated with the ratio of to £ ext , and the error in 

,5; the linear fit of the data extrapolated to the noise floor. 

C| [0075] To state a sensitivity for the system, knowledge of the system 

:: ~-; 

bandwidth is required. Since a lock-in amplifier is employed in the last stage, the 
system bandwidth is determined by the time constant on the output RC circuit. For 
these measurements the time constant was 300 ms. Therefore, the sensitivity of the 
system is 0.68±0.03 V/mA/Hz. This value is useful as a figure-of-merit, but should 
be interpreted with caution. In particular, it is dependent on the intensity of the input 
optical beam imposed on the electrooptic crystal. The maximum input power of the 
optical beam that can be coupled into the fiber is limited to 20mW in order to avoid 
two-photon absorption in the GaAs. The actual optical power that reaches the probe 
tip is dependent on the system optical alignment, which is dominated by the coupling 
of the free-space beam into the optical fiber via the fiber coupler. To date, 0.68 v/m/ 
VH Z is the highest sensitivity that this system has demonstrated. 
Temporal Stabilization of Electric-Field Phase 
[0076] An external 40-MHZ crystal oscillator serves as the master phase 

synchronization signal for the entire system. This oscillator is frequency multiplied 
to 80MHz to provide external feedback to the Ti: sapphire-laser pulse repetition rate 
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and frequency divided by ten in order to provide a common 10-MHZ reference signal 
for the external 3 -MHZ lock-in reference and the RF synthesizer. In principle, the 
modulation on the 80-MHZ pulse train will be phase synchronized with the 3 -MHZ 
reference oscillator allowing phase measurements of the electric field. Observations 
of the measured phase stability over time, however, have produced results that 
demonstrate a consistent phase drift in the system. 

In order to correct for the phase drift, a reference electrooptic signal has 
been integrated into the system. A key point regarding this method of phase 
stabilization is that it corrects for phase drift regardless of the source of phase 
instability (whether it be due to a single component of the system or due to a 
combination of components). As shown in Figure 1 1, a beam splitter is used to 
couple 30% of the free space optical beam to a beam-line consisting of a half-wave 
plate, an electrooptic probe crystal, a quarter-wave plate, a polarizer, and a second 
photodiode. The optical elements are configured to produce 50% transmission 
intensity modulation of the optical beam in response to an RF modulating signal, 
which is coupled off from the RF source feeding the DUT. An electrical switch is 
employed to toggle between the photodiode that collects data from the DUT and the 
photodiode that collects data from the reference crystal. 

By using the phase reference channel, the system phase drift can be 
calibrated out. The reference electrooptic crystal was bismuth silicate (BSO), 
although any electrooptic crystal with a sufficient n 3 r parameter will suffice, and the 
modulating signal was imposed on the crystal via a horn antenna (8.003 Ghz RF) for 
simplicity. The probe was kept stationary above the DUT while phase data was 
toggled between photodiode #1 and photodiode#2 every 10 s. Over a 60-min time 
interval, the uncalibrated phase data from photodiode #1 happened to drift from 49° 
to -8°. This data represents an intermittent system temporal phase instability. The 
phase data from the reference channel is seen to drift along with the data from the 
DUT. Subtracting the phase drift in the uncalibrated data results in the calibrated 
data set, which shows a standard deviation of ±3 ° over the 60-min time interval. 
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nvasiveness 

A. Simulations 

The DUT that is selected for the study of probe Invasiveness is a CPW 
transmission line. The choice of the CPW line as the DUT allows the Invasiveness 
of the probe to be quantified in terms of the characteristic impedance of the line and 
the capacitance per unit length. When the probe is placed in close proximity to the 
DUT, two undesirable effects occur. First the DUT is electromagnetically perturbed 
and, second, the sampled electric field present in the probe is distorted. The first 
effect is examined in this paper. The second effect has been examined in the time 
domain where electric fields generated on a CPW line due to the propagation of sub- 
picosecond pulses have been analyzed . It was found that, due to strong dispersion 
above 0.6 THz, the sampled signal field in the probe can be significantly different 
from the unprobed field. In the spectral domain, however, where the fields are 
mapped spatially at a single frequency, measurements of the sampled field inside of 
the probe have demonstrated spatially at a single frequency, measurements of the 
sampled field inside of the probe have demonstrated spatial measurements that are in 
good agreement with both analytical and simulated field solutions. 

The Invasiveness of dielectric probes over transmission lines, in terms 
of S IU was studied via finite-difference-time-domain simulations in by a two- 
dimensional (2-D) quasi-static field analysis based on a TEM-mode assumption and 
experimentally in terms of time-delayed pulses. Invasiveness is quantified in terms 
of the spatial perturbation in the characteristic impedance and capacitance per unit 
length of a CPW line with the probe present via a quasi-static field analysis based on 
field solutions from three-dimensional full-wave finite-element-method simulations. 
This method is applied at 10 GHz and is applicable at low microwave frequencies 
where the imaginary part of the characteristic impedance is relatively small. At 
higher frequencies, the imaginary part of the characteristic impedance becomes 
appreciable due to space and surface wave radiation. Supporting measurements in 
the time and frequency domains follow the simulations. 

The geometry of the simulation is shown in Figure 14 Although the 
transverse orthogonal refractive indexes in the ELECTROOPTIC probe vary in time 
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with the presence of an RF electric field, an index ellipsoid analysis verifies that the 
change is much less than a fraction of a percent at breakdown fields. Therefore, with 
negligible error, the electrooptic probe is modeled with a constant dielectric 
permittivity and a linear electromagnetic simulator is utilized. 



unit length, and characteristic impedance versus distance along the direction of 
propagation. This is valid since the phase in any transverse (xy) plane is essentially 
constant. The charge per unit length Q l along the transmission line can be 
determined as a function of distance as where the integral is 



evaluated in the transverse plane and the contour encloses the center conductor of the 
transmission line. As long as the contour of integration is selected sufficiently near 
the conductor, the longitudinal electric-field component will be sufficiently small 
compared to the transverse components allowing a charge per unit length to be 
evaluated with a line integral. The capacitance per unit length C x and characteristic 
impedance of the transmission line Z Q are obtained from where V(z) is the voltage 
between conductors, L h is the inductance per unit 



Given the electric-field solution in the region of the probe, a quasi- 
static analysis is performed to determine the charge per unit length, capacitance per 




(8) 



C e (z) = 



F I m 



V(z) 




(09) 




(10) 



length, c is the speed of light in vacuum, and C p e 8 =e 0 is the capacitance per unit 
length for a vacuum-filled transmission line. 
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[0083] Stimulation results at 10 GHz are shown in Figure 16 The CPW center 

conductor width is w = 60 //m and the gap width is s = 40 //m. The substrate is 
modeled after silicon = 1 1.7) and the metal is molded with perfect-electric- 
conducting surfaces. The probe dimensions are 500 //m x 500 fxm x 200 //m and its 
relative dielectric constant is e rp = 12.9 (GaAs). The graded-index lens is patterned 
after bulk boro silicates glass (E rl = 2.5) and has a diameter of 1 mm and a length of 
2.5 cm. At a height of 25.4 /zm (one full notch on a physical micrometer know), Z Q 

y t decreases by 19% and the full-width at half-maximum of the perturbation is 0.5 mm. 

;ft; Hence, the electromagnetic disturbance is essentially localized around the probe. 

Hp Figure 18 shows that as the height of the probe decreases the peak characteristic 

jM: impedance and the peak capacitance per unit length begin to change significantly as 

'•f j the probe comes within 50 //m of the CPW. 

* ? [0084] Since the probe fills the top region of the transmission line with a high- 

Ci 

|h | dielectric constant material, it capacitively loads down the transmission line, resulting 

iif : in a local change of the capacitance per unit length. Therefore, the effect of the probe 

Jf; can be modeled with a shunt capacitance across an unloaded line. For RF 

iit I 

frequencies such that the guide wavelength is much larger than the width of the 
probe, the average change in the capacitance per unit length taken over the length of 
the perturbation provides a value for a lumped-element equivalent-circuit shunt 
capacitance. The equivalent circuit is shown in the insert of Figure 18, where the 
shunt capacitance from the probe is denoted c probe . The magnitude of c probe is on the 
order of a few femtofarads. 
B. Measurements of Invasiveness 
[0085] The full-wave simulations were experimentally verified via time- 

domain (low-pass) measurements using an HP 85 10C Network Analyzer and 150- 
yum-pitch on-wafer probes. The measured data for a GaAs probe over a CPW 
transmission line (400-//m-thick silicon substrate, l-//m-thick gold metallization, 60- 
jum center conductor, 40-//m gap) is shown in Figure 17. The center perturbation is 
the response from the probe and it clearly appears as a shunt capacitance when the 
probe is 25.4 fxm above the line. The two side peaks represent the response from the 
150-/zm-pitch on -wafer probes. 
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The effect of the probe on the return loss in the frequency domain is 
shown in Figure 19. The effect of a shunt capacitance is to cause the peaks to 
alternately shift above and below the response from an unperturbed transmission line. 
Figure 20 shows simulated data of a CPW line with an additional lumped femtofarad 
shunt capacitor. 2 The same behavior of shifted peaks is observed, thereby verifying 
the order of magnitude of the loading capacitance. The return loss changes by 4 dBm 
at most where it shifts from -34 to -3 1 dBm. Therefore, the effect of the probe on S n 
is essentially negligible. 
Applications 

To demonstrate the usefulness of the electrothermal probe, the thermal 
and electric fields of a single MMIC cell within an X-band quasi-optical power- 
combining array were examined. A horn antenna fed an RF signal to an array of 
patch antennas, which coupled power to a set of amplifying MMIC's via microstrip 
line. The output of each MMIC was re-radiated via an array of patch antennas 
allowing free-space power combining to be accomplished. 

The probe was mounted near the output of the MMIC and less than 0.5 
mm above the microstrip substrate. For comparison purposes, a power meter was 
mounted in the far field of the array in order to independently monitor its output 
performance. To isolate the MMIC under test, the input and output patch antennas 
for all the other MMICs were covered with copper tape. The bias and RF for the 
array was switched on at time zero. Figure 21 clearly shows that there is a substantial 
difference between the behavior of the measured electric-field data obtained from the 
probe and the measured power from the independent power meter. The explanation 
for the discrepancy is shown in Figure 22 as the absorption data from the probe is 
seen to decrease with time along with the electric-field data. The change in the 
absorption signal is consistent with the expected increase in temperature in the 
vicinity of the biased MMIC due to the dissipation of heat. 

Calibration of the temperature effects of the probe on the electric-field 
measurements is possible since the absorption signal is linearly proportional to the 
electric-field signal. Knowledge of the deviation of the absorption signal with time 
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aV 80MHz allows for the compensation of the modulation signal for temperature effects 
according to 



V\MHz = 



dV'hMHz 



VdV 



AVwMHz + VlMHz (11) 



where the primed notatin denotes temperature-calibrated data. The results of this 
calibration method are shown in Figure 23 . The calibrated electric-field data is now 
in excellent agreement with the independent power-meter measurements. The 
calculated standard deviation is 1.3%. 

[0090] Figure 24 illustrates the results from the simultaneous data collected 

from the probe. Knowledge of the initial room temperature, the optical- 
power/temperature relationship, and the deviation of the 80-MHZ component with 
time allow for the scaling of the 80-MHZ component to degrees Celsius. The region 
neighboring the output of the MMIC is seen to increase by 7 °C in 1 1 min. 

[0091] Thus, there has been disclosed an integrated electro-thermal probe and 

measurement apparatus capable of simultaneously measuring thermal and electric 
fields. This probe and novel measurement technique allow for the calibration of 
electric field data that is corrupted when the probe is used in regions where 
temperature gradients exist. The probe has capability which provides means to 
analyze coupled electro-thermal phenomena in complex active microwave and 
millimeter wave structures, such as quasi-optical amplifiers. 



